Although most enveloped viruses acquire their membrane from the host by budding or by a wrapping process, collective data argue that nucleocytoplasmic large DNA viruses (NCLDVs) may be an exception. The prototype member of NCLDVs, vaccinia virus (VACV) may induce rupture of endoplasmic-reticulum-derived membranes to build an open-membrane sphere that closes after DNA uptake. This unconventional membrane assembly pathway is also used by at least 3 other members of the NCLDVs. In this study, we identify the VACV gene product of A11, as required for membrane rupture, hence for VACV membrane assembly and virion formation. By electron tomography, in the absence of A11, the site of assembly formed by the viral scaffold protein D13 is surrounded by endoplasmic reticulum cisternae that are closed.
| INTRODUCTION
As obligate intracellular pathogens, viruses depend on the host they infect. Thus, enveloped viruses acquire their envelope from the cell by budding from cellular membranes or by wrapping of cisternal elements acquiring one or two membranes (Welsch, Muller, & Krausslich, 2007 ).
An exception may be members of the nucleocytoplasmic large DNA viruses (NCLDVs), a family of viruses characterised by a large genome and particle size (Filee, 2013) . For four of their members, vaccinia virus (VACV; Chlanda, Carbajal, Cyrklaff, Griffiths, & Krijnse-Locker, 2009 ), African swine fever virus (ASFV; Suarez et al., 2015) , Mimivirus (Mutsafi, Shimoni, Shimon, & Minsky, 2013; Suarez et al., 2013) , and Chlorella virus (Milrot et al., 2016) open until the viral genome has been taken up, upon which the membrane closes. Whereas the molecular details of membrane assembly remain elusive, for VACV and ASFV, biochemical data collectively argue that their membrane is derived from the endoplasmic reticulum (ER; Cluett & Machamer, 1996; Krijnse Locker, Chlanda, Sachsenheimer, & Brugger, 2013; Sodeik et al., 1993; Suarez et al., 2015) .
Among the NCLDVs, VACV is the best characterised, both morphologically and molecularly (Moss, 2007 (Moss, , 2015 . On the basis of electron tomography (ET), we proposed that its membrane assembly is initiated at distinct cytoplasmic sites formed by the viral scaffold protein (gene product of D13) that assembles into regular arrays resembling a honeycomb (Heuser, 2005) . These arrays become prominent when infected cells are treated with rifampicin that targets the D13 scaffold protein and are referred to as inclusion bodies (IBs; Sodeik, Griffiths, Ericsson, Moss, & Doms, 1994) . During wild-type infection, the D13-positive arrays collect small vesicular structures that by ET are open (Chlanda et al., 2009; Suarez et al., 2013) and that contain at least two major and essential VACV membrane proteins, the gene products of (IV) . Uptake of the viral DNA is followed by membrane closure of the IV and maturation into the brick-shaped mature (infectious) virus (MV; Chlanda et al., 2009; Krijnse Locker et al., 2013) .
Much of what is known about the molecular details of the VACV replicative cycle comes from the analyses of conditionally lethal and inducible viruses (reviewed by Moss, 2015) . Thus, our model on membrane assembly predicts that any such virus that fails to make crescents under restrictive conditions is a potential candidate for membrane rupture. In the absence of A14 and A13, two major and essential membrane proteins, assembly is blocked after crescent formation (Mercer & Traktman, 2003;  J. R. Rodriguez, Risco, Carrascosa, Esteban, & Rodriguez, 1998; Unger & Traktman, 2004 ). A17, another major membrane protein, is required for crescent formation (D. Rodriguez, Esteban, & Rodriguez, 1995) but not membrane rupture as shown by ET analyses (Chlanda et al., 2011) .
Recent data point to an important role for a set of conserved viral membrane-associated proteins (VMAPs), the gene products of L2, A30.5, H7, A6, and A11 (reviewed by Moss, 2015) . Among these five proteins, A11 has been described as a late protein with an apparent mass of 40 kDa and encoding for two putative transmembrane regions in its C-terminus. Although absent from virus particles, A11 appeared essential for crescent formation (Maruri-Avidal, Weisberg, & Moss, 2013; Resch, Weisberg, & Moss, 2005) . Without its synthesis, viral core and scaffold proteins accumulate in distinct aggregates, whereas typical virally modified membranes were not discernible (Resch et al., 2005) . Accordingly, we study virally modified membranes in the absence of A11 synthesis by ET and show that A11 synthesis is required for rupture. These data are an important step towards the understanding of VACV assembly and support our previous model on membrane rupture and repair as a prerequisite for the membrane assembly of VACV.
| RESULTS

| A11 expression is required for crescent formation
Our knowledge on VACV assembly relies partly on the electron microscopy (EM) localisation of structural viral proteins using antibodies raised in our laboratory. Thus, anti-A14, a major and essential viral membrane protein, labels viral membranes of the crescents, MVs, and small membranes that collect close to the IVs, the precursors of the crescents. Because it is synthesised at, and cotranslationally inserted into, the ER, it also localises to this cellular compartment (J. R. Rodriguez et al., 1998; Salmons et al., 1997) . Anticore was raised to VACV cores and predominantly recognises the major core protein A3 (Pedersen et al., 2000) . In infected cells, it labels the MVs and the central part of the IVs. Finally, we used an antibody to the C-terminus of D13 that labels the crescents as well as the scaffold honeycombshaped patches, also called IBs (Sodeik et al., 1994) .
Under permissive conditions (infection of vA11ind with IPTG), these antibodies labelled as predicted for a wild-type infection; anti-A14 decorated the IV and MV membrane, as well as small vesicular structures close to the IVs (Figure 1a) . The anticore labelled the central part of the IVs and MVs (Figure 1a,b) , whereas anti-D13 localised to IVs and structures located between the IVs (Figure 1b) . The latter are accumulations of D13 adopting a honeycomb structure, which is not revealed in thin-section EM (see below). As it also collects the small open-membrane intermediates, we proposed it to be the initial site of membrane assembly (Chlanda et al., 2009; Suarez et al., 2013) .
When expression of A11 was repressed, crescents, IVs, and MVs were not observed as shown before (Resch et al., 2005) . Anti-D13 abundantly labelled the IBs (Figure 1c) , whereas anticore labelled large electron-dense structures that accumulate when assembly is blocked and that are distinct from the IBs (Figure 1d ,e). Because these collect viral core proteins, they are named virosomes, to distinguish them from the IBs (Chlanda et al., 2011) . In the absence of A11, the D13-positive sites (IBs) were surrounded by cisternal membranes that labelled positive for A14. The anticore positive virosomes, however, were not obviously surrounded by membranes (compare Figure 1c to Figure 1d ,e).
This phenotype was quite different from infection in the presence of rifampicin (e.g., Chlanda et al., 2011) or when the synthesis of D13 is repressed (Figure 1f ). The virosomes were surrounded by tightly fitting membranes positive for anti-A14. Roughly 100% of the outer border of the virosomes was covered by tightly fitting, A14-positive, membranes when D13 was repressed, whereas this number was only 15% in the absence of A11 synthesis (Table 1 ). In contrast, without A11 synthesis, 85% of the surface of the D13-positive IBs was covered by cisternal membranes.
Labelling with anti-PDI, an ER-resident protein, confirmed that the membranes that accumulated around the IBs (see Supporting Information, Figure S1 and Movie S1) and at some distance from the virosomes (Figure 1e , black arrows) are of ER origin. We quantified the labelling density of two viral membrane proteins, A14 and A17, as well as PDI over random pieces of ER as well as over the membranes around the IBs. A17, an essential and major viral membrane protein, was of particular interest because it is known to bind to D13 (Bisht, Weisberg, Szajner, & Moss, 2009 ), and we expected it to be enriched in the cisternal membranes. A14 and A17, however, were not enriched in the cisternal element, nor was PDI excluded from them (Table 2) .
Altogether, these data indicate that in the absence of A11 synthesis, ER cisternae are concentrated around the D13-positive IBs. These were next analysed in three dimensions using ET.
| 3D analysis showing that the cisternal elements are closed
As mentioned, during wild-type infection, we proposed that viral membrane assembly is initiated at sites that accumulate D13 (e.g., Suarez et al., 2013) To exclude the open membranes accumulated in different areas of the infected cell, we also analysed the A14-positive ER membranes collecting at some distance from the virosomes. As shown in Table 3 ). These data thus rule out a role for D13 in membrane rupture.
| Localisation of the protein A11 in infected cells by immunofluorescence and immunoelectron microscopy
The VACV protein A11 is a small protein with a predicted size of 36 kDa, which has been localised at the viral factory associated with the crescents and with the ER (Maruri-Avidal et al., 2013; Resch et al., 2005) . We generated a polyclonal antibody against A11 that by western blot recognised a single band of approximately 45 kDa in infected, but not in uninfected, cells ( Figure S2b) . By immunofluorescence, A11 colocalised with the cytosolic DNA replication sites, as shown before (Figure S2a) , whereas a positive signal was absent from uninfected cells, collectively confirming the specificity of the antibody.
Interestingly, and contrary to what was published before (Resch et al., 2005) , we also detected A11 in the virus by western blot ( Figure S2b) as well as by EM (not shown).
By EM, the antibody weakly labelled crescents and IVs and seemed concentrated on small membranes that collected between these two viral structures (Figure 6a-d) . Indeed, the relative labelling distribution showed that almost half (48%) of A11 localised to the small membranes close to the IVs with 37% localising to crescents and IVs. In contrast, 75% of the labelling for anti-A14 was associated with the latter two structures while 21% was associated with the membrane precursors that accumulated between IVs and crescents ( Figure 6b and Table 4 
| DISCUSSION
The biogenesis of the VACV membrane has been a matter of a longstanding debate, starting with the proposal some 50 years ago that it is made de novo with open ends in the cytoplasm (Dales & Mosbach, 1968) . As this proposal had no precedent in cellular biology and was based on classical thin-section EM only, it was the subject to vivid discussions. Although lipid analyses showed the viral membrane to be Note. HeLa cells were infected with vA11ind in the absence of isopropyl β-D-1-thiogalactopyranoside and fixed at 7.5 hr postinfection. Thawed cryosections were labelled with anti-A14, anti-A17, anticore, anti-D13, and anti-PDI. Anticore and anti-D13 were used to identify virosomes and inclusion bodies, respectively, and the labelling density per square metre serves as control. Labelling density for the cisternal membranes labelled with anti-A14, anti-A17, and anti-PDI that collected around the inclusion bodies (membranes/IB), the virosomes (membranes/virosomes), or in random pieces of ER was determined as average labelling per unit length of membrane (in micrometre). n is the total surface or total length of structure in square micrometres or micrometres, respectively, considered for quantification. ER = endoplasmic reticulum; IB = inclusion body; n.a = not applicable; PDI = protein disulfide isomerase. bilayer. We and others subsequently showed that this unconventional membrane assembly pathway is also used by three other members of the NCLDV family (Milrot et al., 2016; Mutsafi et al., 2013; Suarez et al., 2013 Suarez et al., , 2015 , justifying the search for a common molecular mechanism.
Among the NCLDVs, the genomes of both VACV and ASFV can be genetically manipulated, deleting or replacing genes of interest by homologous recombination. Since its introduction (J. F. Rodriguez & Smith, 1990 ), a system of inducible viruses where genes of interest are replaced by a copy placed under an inducible promoter has appeared particularly useful. This enables studying of the role of single VACV (and ASFV) proteins in the replicative cycle such as the formation of the viral membrane. Our model predicted that membrane rupture precedes the formation of crescents, and any inducible virus failing to make a crescent was therefore of particular interest. Because we attribute a pivotal role for the viral scaffold protein for the initiation of assembly, we also addressed its possible role in rupture in this study.
Together with our previous data showing that rifampicin does not block rupture, we now exclude a direct role for D13 in membrane rupture.
Recent data point to an important role in membrane biogenesis of a set of accessory membrane-associated proteins (VMAPs) that are not necessarily part of the MV (reviewed by Moss, 2015) . We turned our attention to the A11-inducible virus because previous results suggested that in its absence crescents were not made. On the basis of this study, we propose that A11 is required for membrane rupture. Note. The ends of membranes surrounding the virosomes observed in cells infected with vR065ki in the absence of isopropyl β-D-1-thiogalactopyranoside were analysed by electron tomography. Membrane structures were considered only when their entire volume was contained in the tomogram. n.a. = not available (because the tomogram did not allow for an unequivocal determination).
With a pivotal role in the assembly of VACV, it is not surprising that A11 is a conserved protein among other poxvirus strains. How could A11 mediate membrane rupture? We believe it unlikely that A11 acts by itself. A11 may only bind to membranes by interacting with another VMAP-A6 (Wu et al., 2012) ; these data, however, could not be confirmed in coexpression studies (Maruri-Avidal et al., 2013) .
Another study suggested that A11 interacts with A32, as shown by coimmunoprecipitation (Resch et al., 2005) , but the role of this interac- whereas monomeric A11 could lack this activity. Phosphorylation could affect its function by modulating its structure, promoting membrane rupture or not. Indeed, A11 has been described to both interact with itself and to be phosphorylated (Resch et al., 2005) and the function of these modifications thus deserves further investigation.
D13 has been shown to bind to A17 through the N-terminal part of A17 (Bisht et al., 2009) , and this part of A17 is exposed on the cytosolic side of (intact) ER membranes when expressed in uninfected cells (Krijnse-Locker et al., 1996) . It seems likely that A17 also mediates the binding of the cisternal elements to D13 IBs in the absence of A11-mediated rupture. Indeed, we found that the cisternae were labelled for both A17 and A14, but they were not enriched in these membranes when compared to the rest of the ER. Instead, we observed that both A17 and A14 concentrated in the Golgi complex and associated vesicles (with a twofold higher labelling density compared to the ER), and these membranes looked intact and composed of closed compartments (data not shown). IBs that are not surrounded by membranes accumulate (Chlanda et al., 2009 (Chlanda et al., , 2011 . Rupture mediated by A11 may occur prior to, or concomitant with, the targeting of the membranes to the D13-positive sites.
Experiments are under way to dissect the molecular details of the A11 rupturing activity, in particular if it acts by itself, how its rupturing activity is regulated to promote rupturing at the right time and place. Sodeik et?al., 1993) or by the inducible viruses vA11ind (a kind gift from Paula Traktman) or vR065Ki (kindly provided by Dr. Zhang & Moss, 1992) . To induce the synthesis of A11 or D13, infection was done in the presence of 50 μM (Resch et?al., 2005) or 5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG), respectively.
| Antibodies
Antibodies against a peptide derived from the predicted A11 sequence (amino acids 18 to 29 [SEDNYPSNKNYE]) were raised in rabbits (Cambridge Research Biochemicals). The polyclonal antibodies against A14, anticore, D13, or the N-terminus of A17 have been described previously (Pedersen et?al., 2000; Salmons et?al., 1997; Sodeik et?al., 1994; Wallengren, Risco, Krijnse-Locker, Esteban, & Rodriguez, 2001) The monoclonal antibody specific for protein disulfide isomerase (PDI) was purchased from Sigma-Aldrich.
| Cryosectioning and immunolabelling
At the indicated times of infection, infected cells were fixed with 4% paraformaldehyde (PF) (Electron Microscopy Sciences, cat. no.
15710) and 0.1% glutaraldehyde in PHEM buffer for 1 hr at room temperature and kept in 4% PF in PHEM. Fixed cells were processed for Tokuyasu cryosectioning as described (Ghosh, Griffith, Geuze, & Kornfeld, 2003) . Tokuyasu cryosections were immunolabelled as described previously (Suarez et?al., 2013) . Thin (60-nm) sections were postcontrasted with 1.8% uranyl acetate and 0.8% methylcellulose, semithin (200-300 nm) and thick (>500 nm) sections with 1.8% uranyl acetate and 1.2% methylcellulose for 8 min on ice.
| Indirect immunofluorescence
HeLa cells were grown on coverslips and infected with VACV-WR or vA11ind at a multiplicity of infection of 50 with or without 50 μM IPTG.
At 8 hr postinfection, the infected cells were fixed for 30 min with 4% PF in phosphate-buffered saline (PBS). Fixed cells were permeabilised for 15 min with 0.1% Triton X-100 in PBS. Samples were then blocked for Note. For each antibody, 10 images were taken and gold particles associated with immature virions and crescents, small membranes close to the immature virions, and other cellular membranes were counted and the relative distribution was determined. Labelling of the cytoplasm/mitochondria/nucleus was considered as background. n is the total amount of gold particles considered for the relative labelling distribution.
min, 0.1% cold fish skin gelatin, in PBS) and incubated with primary antibody diluted in blocking buffer. The samples were washed with PBS and incubated with the secondary antibody antirabbit coupled to Alexa 488 (Invitrogen) and Hoechst to label cellular and viral DNA. The samples were extensively washed before mounting them in Mowiol on glass slides and examined using a Zeiss Axio Vert microscope.
| Transmission electron microscopy, ET, and STEM
Thin cryosections were observed with a Zeiss EM10 transmission electron microscope at 60 kV equipped with a Megaview charge coupled device camera (Olympus).
For dual-axis ET, thawed cryosections of 250 to 300 nm in thickness were collected on slot grids and processed as described previously (Suarez et?al., 2013 (Suarez et?al., , 2015 . Where indicated, thawed cryosections were immunolabelled and the 15 nm gold particles of the immunolabelling used as fiducials. Dual-axis tilt series were acquired as described previously (Suarez et?al., 2013) first aligned to an image stack and subsequently reconstructed computationally using IMOD software (Kremer, Mastronarde, & McIntosh, 1996) . Rendering was performed manually and as described (Suarez et?al., 2013 (Suarez et?al., , 2015 . Movies of tomograms were made using IMOD and Fiji. All the digital images were processed with the Adobe Photoshop and Illustrator.
| Quantification and processing of digital images
All quantifications were carried out in Fiji of images with a known pixel size. Images of 23 virosomes (anticore positive structures), 10
IBs (anti-D13 positive) from vA11ind-infected cells, and 10
virosomes from vR065Ki infected without IPTG were considered to assess to what extent they were surrounded by membranes. The data are from one representative set of samples but were reproduced at least three times. The periphery of the structure of interest was drawn in Fiji to estimate how much of their periphery was covered by membranes located no more than 100 nm away from its border.
To quantify the labelling density of anti-A14, anti-A17, and anti-PDI over membranes in vA11ind-infected cells in the absence of IPTG, the length of the cisternal membrane surrounding virosomes, scaffold patches, or random ER cisternae was determined in Fiji. The number of gold particles for anti A14, anti-A17, and anti-PDI over the structure of interest were counted, resulting in labelling density per unit length of membrane. The surface of IBs and virosomes (anti-D13 or anticore positive respectively) was determined, and labelling density per square metre calculated.
The quantification of open ends versus closed ends in vR065ki-infected cells in the absence of IPTG was performed as described previously (Suarez et?al., 2013) .
To compare the relative labelling distribution of A11 and A14 in cells infected with VV-WR, gold particles were allocated to the following structures: IVs, crescents, small membranes close to the forming virions at the VF, other membranes of the cell, and background (cytoplasm/mitochondria/nucleus). Relative distribution was quantified, taking the total labelling as 100%.
| Western blot
HeLa cells were infected or mock infected for 8 hr; the cells were collected by scraping and centrifugation and lysed directly in Laemmli sample buffer followed by standard polyacrylamide gel electrophoresis and western blotting. In one lane, 2 μl of virus, isolated from infected cells and concentrated through a sucrose gradient, corresponding to xx mg of protein, was loaded. The gene products of A14 and A11 were detected by incubating the blots with respective antibodies diluted in PBS/01.1% TWEEN and 5% milk powder, followed by antirabbit coupled to horseradish peroxidase. The bands were revealed by enhanced chemiluminescence.
